Introduction
Reservoir management deals with the decision making process and with the preparation of data needed in the decision making process in order to optimally develop hydrocarbon assets. A recent paper by Schuyler (1997) presented the results of a questionnaire regarding decision analysis tools used in E&P companies. One of the deficiencies according to the author was the lack of use of modern portfolio theory. The aim of portfolio analysis is to obtain or maintain a set of assets which as a whole give an optimal return on investment. Currently, when portfolio's are chosen, they are based on deterministic forecasts or cash flows. Little consideration is given to the fact that those forecasts and cash flows are uncertain. When a project has a high expected return on investment, but with a large risk, then a project with a somewhat lower return on investment, but much less risk, may be a more favourable option for the portfolio (see Edwards & Hewett, 1993) . Our aim in this paper is to present a portfolio analysis technique where the emphasis lies on finding the optimal balance between expected return and risk.
Efficient portfolio's
Given an investment budget, I 0 , our goal is to find the optimal way of spreading the budget over a set of possible (incremental) projects. Each project, labelled by index i = 1..n, is characterised by a project cost, C i , a measure of expected profitability, µ i , and a standard deviation on that measure of profitability, σ i . To each project a fraction x i of the total budget is assigned. The expectated profitability of the whole portfolio is then given by µ µ
The variance of the portfolio, which is a measure of uncertainty for the portfolio, can be expressed as
where ρ ij is the correlation coefficient between projects i andj. When projects are independent, ρ ij simply becomes the identity matrix. Otherwise the correlation coefficients run from +1 for strongly correlated projects, through 0 for uncorrelated projects to -1 for strongly anti-correlated projects. There are three natural constraints which must be applied to the fraction x i
1. The fractions must be non-negative : x i ≥ 0 2. They must add up to one : Now our first goal is to find the portfolio's {x i , i = 1..n}, which satisfy the following two criteria 1. For a given expectated profitability, there is no portfolio with a smaller variance 2. For a given variance, there is no portfolio with a larger expected profitability All of the portfolio's satisfying the above two criteria are called efficient portfolio's. In Figure 1 these efficient portfolio's are displayed in a graph of expectation versus standard deviation of the portfolio. The grey area corresponds to the feasible region for all possible portfolio's. The efficient portfolio's lie on the north-west edge of this region. This edge is called the efficient frontier.
The optimal portfolio
In a second step, a selection needs to be made of a single optimal portfolio from the efficient portfolio's. How this is done depends on the risk acceptance of the decision maker. This risk acceptance can be formalised by a utility curve. The utility curve expresses how much extra risk a decision maker is willing to take for extra expected profitability. The utility curves can be separated into two classes 1. Safety first criteria, which form straight lines in the expectation versus standard deviation graph 2. Full utility curves, which may have any shape The advantage of the safety first criteria, is that they are easy to define. However, for these straight line curves, the risk acceptance is independent of the absolute amount of money to invest. Generally, this is not the case for decision makers. After having defined the utility curve, the optimal portfolio can be found by moving the utility curve from the upper-left corner downwards, until it intersects the efficient frontier. The portfolio corresponding to the intersection point is the required optimal portfolio.
Down-side risk minimisation
Uncertainty, which can be defined as the possible variation of outcomes around an expected value, has a good side (opportunity) and a bad side (risk). When the actual return on investment is larger than expected, i.e. the good side of uncertainty, we are pleased. Contrary, when the outcome is lower than expected, we are dealing with the bad side of uncertainty, and are not pleased. Minimising the variance, as done above, minimises both the good and the bad side. Recently, a different criterion has been defined by Brouwer (1997) for minimising only the bad side of uncertainty. In this criterion, not only the mean and variance of the projects profitability is used, but the full probability distribution. The semi-variance of a project is now defined by where n s is the number of realisations drawn from the full distribution of profitability, R ij are the drawn profitabilities for project i, R target is a minimum target profitability below which the project becomes unfavourable to the decision maker. Using semi-variance as minimisation criterion, a project having a small down-side risk is preferred over a project with the same expectation and variance but with a larger down-side risk.
Conclusions & Outlook
In this paper we have presented a method for portfolio analysis under uncertainty. In a first step, the set of efficient portfolio's are determined. Then a utility curve, expression the decision maker's risk attitude, finally selects the optimal portfolio. When the variance criterion is replaced by the down-side risk criterion in the selection of efficient portfolio's, only the (negative) risk of the portfolio is minimised and not the (positive) opportunity. The presented approach targets only at risk minimisation. Current work focusses on portfolio analysis which also incorporates the timing of uncertain production forecasts and cash flow curves.
